Oxidized MC carbides which act as main crack initiation sites in a polycrystalline superalloy under thermal-mechanical fatigue (TMF) conditions at 850°C were studied. Microstructural observations in the TMF tested specimens were compared to findings from bulk samples exposed isothermally in air at 850°C for 30 hours in the absence of any external applied load. Carbides were found to oxidize rapidly after exposure at 850°C for 30 hours resulting in surface eruptions corresponding to oxidation products, from where micro-cracks initiated. Plastic deformation due to volume expansion of the often porous oxidized carbides led to high dislocation densities in the adjacent matrix as revealed by controlled electron channeling contrast imaging. The high dislocation density facilitated the dissolution kinetics of c¢ precipitates by segregation and diffusion of chromium and cobalt along the dislocations via pipe diffusion, resulting in the formation of soft recrystallized grains. Atom probe tomography revealed substantial compositional differences between the recrystallized grains and the adjacent undeformed c matrix. Similar observations were made for the TMF tested alloy. Our observations provide new insights into the true detrimental role of oxidized MC carbides on the crack initiation performance of polycrystalline superalloys under TMF.
I. INTRODUCTION
THE thermal-mechanical fatigue (TMF) performance of nickel-based superalloys is a critical parameter in designing new superalloys with superior lifetime and performance. [1] Superalloys subjected to non-isothermal conditions, akin to actual service conditions, provide more representative insights into crack initiation sites and deformation mechanisms as compared to isothermal tests. [2] In particular, in the case of single-crystal superalloys, fracture along deformation twins and bands of sheared c¢ precipitates, which are the main deformation mechanisms, has been reported. [3, 4] In addition, deformation twins and grain boundaries were found to act as crack initiation sites in polycrystalline superalloys. [5] [6] [7] Nevertheless, there is a growing body of evidence that oxidized MC carbides and the associated recrystallization serve as the main crack initiation sites in polycrystalline superalloys, substantially deteriorating their crack initiation performance. [8] [9] [10] [11] [12] However, it is not clear how cracks initiate from carbides and to what extent these are more detrimental to the crack initiation life of polycrystalline superalloys in comparison to deformation twins.
In this study, out-of-phase thermal-mechanical fatigue (OP-TMF) tests were performed on the polycrystalline variant of the recently developed nickel-based superalloy STAL15-CC. [13, 14] Scanning electron microscopy (SEM) and controlled electron channeling contrast imaging (cECCI) were used to characterize the deformed microstructure. Atom probe tomography (APT) was utilized to study the composition of the recrystallized regions around the oxidized MC carbides. APT revealed segregation of solutes to dislocations during deformation at 850°C. Near-atomic scale characterization of solute segregation to dislocations by APT allows us to provide new insights into the diffusion of solutes such as chromium and cobalt along dislocations via pipe diffusion, which leads to local chemical inhomogeneities, facilitating dissolution of c¢ precipitates and the subsequent recrystallization in the vicinity of oxidized MC carbides, promoting crack propagation. These observations shed light onto the crack initiation mechanism.
II. EXPERIMENTAL PROCEDURES

A. Materials and Mechanical Testing
The polycrystalline version of the recently developed STAL15-CC was used in this study with chemical composition Ni-16.50Cr-5.50Co-0.60Mo-1.20W-10.00Al-2.40Ta-0.5C-0.08B (at. pct). After conventional casting, a hot isostatic press (HIP) at 1195°C for 5 hours under 175 MPa pressure was performed. The process of HIP was followed by a stage of primary aging at 1120°C for 4 hours and a subsequent second stage of aging at 845°C for 24 hours, both followed by air cooling. TMF specimens with an approximate diameter of 6.35 mm and a parallel length of 25 mm were machined from fully heat-treated cast bars, with surface finish Ra 0.2 lm. All TMF tests were performed using an Instron servohydraulic TMF machine equipped with induction heating and a forced air cooling system. In order to accurately control the temperature of the specimens, thermocouples were carefully spot-welded on the specimens. The OP-TMF tests were conducted under strain control in the temperature range 100°C to 850°C at R e = À ¥. A heating rate of 5°C/s was selected with a 5-minute dwell time applied at maximum temperature during each cycle. Finally, for the control of the strain range, a high-temperature extensometer with a gauge length of 12.5 mm was used.
B. Microstructural Characterization
The surface and the cross section of the TMF tested specimens were observed using a Zeiss Merlin (Carl Zeiss SMT AG, Germany) scanning electron microscope (SEM). The cross-section surfaces were mechanically ground with abrasive media to 0.04 lm finish. The observations from the TMF tested specimens were compared with microstructural features from flat polished specimens of STAL15-CC with 1 lm surface finish, which were isothermally and statically exposed in air at 850°C for 30 hours. The cross section of these specimens was imaged by using cECCI on a Zeiss Merlin SEM with a Gemini-type field emission gun electron column and a Bruker e-FlashHR EBSD detector (Bruker Corporation, USA).
For the observation of dislocations within the deformed microstructure, ECCI under controlled diffraction conditions was utilized following the procedures described in Reference 15. Selection of the optimal diffraction conditions in terms of rotation and tilt angles was made by simulated electron channeling patterns based on a preceding EBSD analysis in the region of interest and by use of the software TOCA. [15] The microscope was operated at 30 kV accelerating voltage and 3 nA probe current. The specimen was positioned at 7 mm working distance and was tilted to an angle in the range [À 4 deg, 20 deg].
In addition, energy dispersive X-ray (EDX) analysis of the oxidized MC carbides was performed at flat polished (surface finish 0.04 lm) cross section of the statically exposed specimens using a Zeiss 1540 XB SEM, operated at 7 kV. Finally, specimens for APT were prepared from both the statically exposed and mechanically tested specimens of STAL15-CC, respectively, following procedures described in detail in Reference 16. Specimens were analyzed on a Cameca LEAP 5000 XR operated in laser mode with a pulse repetition rate of 125 kHz, laser pulse energy 50 pJ, and at a base temperature of 50 K. The APT reconstructions were performed using the IVAS 3.6.14 software from Cameca.
III. RESULTS AND DISCUSSION
A. Crack Initiation Under Thermal-Mechanical Fatigue Conditions
For the polycrystalline nickel-based STAL15-CC superalloy, cracks initiate from surface-connected oxidized MC carbides when tested under OP-TMF conditions in the temperature range 100°C to 850°C. This is revealed in Figures 1(a) and (b) where surface eruptions of oxides due to the oxidation of the carbides and subsequent cracks can be seen. Both inter-and intragranular carbides oxidize as long as they are connected to the surface. Figure 1 (c) shows a backscattered electron micrograph from the cross section of one of the mechanically tested STAL15-CC specimens. The surface eruption of oxides due to the oxidation of the MC carbide is here again clearly shown within the bulk at the fracture surface of the specimen, confirming the observations made on the surface of the specimen. It is worth mentioning that grain boundaries were not found to be cracked as it would be expected for a polycrystalline alloy. By contrast, in most of the cases, cracks initiated within the grains where MC carbides have oxidized. Also, a recrystallized region next to the oxidized MC carbide and along the fracture surface is observed, Figure 1 (d). Although the recrystallization along the fracture surface is believed to be due to the oxidation and the associated volume mismatch leading apparently to local plasticity as the crack propagates, the extensive recrystallization in the vicinity of the oxidized carbide is not well understood and thus our investigations were focused on the rationalization of this microstructural observation.
B. Oxidized MC Carbides
MC carbides in the STAL15-CC alloy after the full heat treatment process were found to be Ta-rich, whereas other elements such as Hf and Zr also participate but in significantly lower amounts. In Figure 2 , an APT reconstruction containing an MC carbide and a c¢ precipitate is shown, alongside a proximity histogram, which is an elemental composition profile measured as a function of distance from the MC/c¢ interface. Table I gives in detail the composition of an MC carbide as measured by APT. These observations are in good agreement with a previous APT study on STAL15-CC alloy. [14] The MC carbides precipitating at the grain boundaries exhibit an elongated or blocky morphology with size ranging from 1 to 7 lm. Intragranular carbides have either a script-like shape or they have an elongated morphology with a size up to approximately 12 lm. [14] In order to investigate whether the recrystallization is associated with the oxidation of the carbides or with the external applied load, specimens exposed statically and isothermally in air at 850°C for 30 hours were investigated. Figure 3 shows an EDX map from a cross section of the statically exposed specimen, confirming the oxidation of the Ta-rich MC carbides after 30 hours exposed at 850°C. Figure 4 (a) shows another intragranular oxidized MC carbide where the surface eruption as well as a recrystallized region in the vicinity of the carbide are readily apparent, confirming that recrystallization occurs in the absence of external applied stress. Substantial volume expansion due to the oxidation of MC carbides was shown to result in localized plastic deformation in other polycrystalline superalloys. [17, 18] Assuming that the TaC oxidizes to Ta 2 O 5 , an estimation of the volume expansion is complex, because Ta 2 O 5 exhibits different crystal structures at different temperatures, some of which are not clearly determined. [19] However, an estimation of the volume expansion of NbC transforming to Nb 2 O 5 has shown a volume expansion of a factor of two, [17] and expansion factor in the range can likely be expected in the case of Ta 2 O 5.
The recrystallization likely results only from the plastic deformation due to volume expansion of the carbide as it gets oxidized. This is confirmed by cECCI micrographs which reveal a high dislocation density in the recrystallized regions as shown in Figure 4 (b) and also between the recrystallized region and the heattreated microstructure as shown in Figures 4(c) and (d). An ECCI micrograph from the mechanically deformed specimen under OP-TMF shown in Figure 5 exhibits similar microstructural characteristics. However, in this case, the dislocation density within the recrystallized regions is higher, which can be attributed to the externally applied stress. The high dislocation density also explains the accelerated local dissolution of the c¢ precipitates due to pipe diffusion and the Gibbs adsorption of solute elements to the dislocation core regions.
It was observed that a c¢-depleted zone forms below the protective oxide scale at the surface of superalloys after thermal exposure at elevated temperatures. [20] However, in the case of the short static thermal exposure, recrystallization is more pronounced around the oxidized carbide and not along the entire length of the surface of the specimen. This observation suggests that the dissolution of c¢ precipitates and the subsequent recrystallization are not products of the oxide scale formation, but instead of a different phenomenon as discussed below in more detail.
C. Dissolution of c¢ Precipitates
The dissolution of c¢ precipitates and the subsequent recrystallization cannot be accommodated by bulk diffusion alone at such short exposure time (30 hours). It is often assumed that dissolution kinetics of c¢ precipitates can be enhanced by the presence of dislocations in the microstructure, more specific through pipe diffusion of solutes along dislocations and also through the trapping of solutes to the dislocations. [21] [22] [23] APT was utilized for the investigation of segregation of solutes at dislocations in both isothermally exposed and mechanically tested specimens of STAL15-CC.
Specimens for APT were prepared in an area with a high dislocation density in the c/c¢ region next to the oxidized carbide from the sample treated by isothermal static exposure at 850°C for 30 hours in Figure 4(d) . The resulting reconstruction from such an analysis is illustrated in Figure 6 (a). It contains a c/c¢ interface that shows interfacial grooves, which likely result from the accumulation of dislocations. Within c¢, a cylindrical tubular feature is highlighted in terms of an isosurface encompassing regions within the point cloud that are enriched in chromium using a threshold value of 8.6 at. pct Cr. This enrichment is due to segregation of solutes at dislocations, which has been previously reported in APT studies conducted on various materials [24] [25] [26] and has been unambiguously confirmed by correlative transmission electron microscopy (TEM) and APT analysis. [27, 28] A cylindrical region of interest perpendicular to the dislocation, labeled as arrow #1 in Figure 6 (a), reveals chromium and cobalt enrichment at the dislocation as clearly shown in Figure 6 Similar observations regarding the segregation and diffusion of chromium and cobalt along dislocations were revealed by APT for two other different nickel-based superalloys. [29] The segregation of chromium and cobalt to dislocations was therein assumed to result in local chemical inhomogeneities and drain these elements from the c matrix. As a consequence, the solubility of nickel in c locally increases, which results in the dissolution of c¢ precipitates. Similar APT observations were made for the mechanically deformed STAL15-CC under OP-TMF conditions. Figure 7 (a) shows an APT reconstruction from the region with a high dislocation density next to the oxidized carbide, shown in Figure 5 . Individual dislocations within a c¢ precipitate are made visible by the segregation of chromium and cobalt. Figure 7 (b) shows a composition profile computed along a cylindrical region of interest perpendicular to the dislocation, indicated by the arrow labeled #1 in Figure 7(a) , revealing an enrichment in chromium and cobalt of up to 15.0 and 8.0 at. pct, respectively. Aluminum and nickel were found to be depleted at the dislocation. Within the same APT reconstruction, an array of dislocations was also observed as shown in Figure 7 (a). The way these dislocations are structured and aligned suggests the formation of a low-angle grain boundary, which could well be the initial step of the development of a new recrystallized grain. It is also interesting that although this array of dislocations exhibits the same segregation character as the ones previously observed in Figure 6 and in other alloys, [29] there is a progressive increase in the level of chromium segregated from the dislocation labeled #2 to dislocation labeled #5 as revealed by the composition profile plotted in Figure 7 (c). This trend can be ascribed either to the fact that the segregation and diffusion process are not completed yet or to the different screw or edge character of the dislocations resulting in different segregation and diffusion of solutes. This needs to be further investigated by correlative transmission electron microscopy and APT studies.
nm
D. Recrystallized c R Grains
The recrystallized grains which originated from the volume expansion of the oxidized MC carbides exhibit a significantly altered composition compared to the c Fig. 7(a) showing segregation of chromium and cobalt at the dislocation. (c) 1D concentration profile perpendicular to the array of dislocations numbered from 2 to 5 in Fig. 7(a) . Error bars are shown as lines filled with color and correspond to the 2r counting error. matrix. APT analysis was conducted at different locations of the statically exposed STAL15-CC, including positions inside of recrystallized grains, within the adjacent c matrix with its enhanced dislocation density and also in the undeformed c matrix with almost no dislocations present, i.e., far from the deformation zone surrounding the oxidized carbide. The local composition fluctuations from the different regions as highlighted in blue in Figure 4 (a) are plotted in Figure 8 , progressing from the recrystallized grain into the undeformed c matrix.
In the region of the recrystallized grains, a substantial drop in the chromium content is observed, from 30.9 at. pct in the c matrix to only 12.3 at. pct. The segregation of chromium at dislocations and its diffusion along them is leaching chromium from the matrix and thus rationalizing the low chromium content within the new, recrystallized grains. At the same time, the nickel content increased from 56.5 at. pct in the c matrix to 76.1 at. pct within the recrystallized grains. The APT analysis shows that the composition of the new grains is not corresponding to that of the initial c matrix, thus, as Table II lists the detailed compositions as measured by APT for all locations marked in Figure 8 . Based on their composition, the recrystallized c R grains do not contain any strengthening phase and would thus be expected to be softer than the c matrix. This circumstance might explain the high dislocation density observed within them as revealed in Figures 4(b) and 5. Similar observations on the chemistry of c R were found also for a different polycrystalline nickel-based superalloy. [18] However, in that case, both the chromium and the cobalt content were altered substantially and not just chromium as in the case of STAL15-CC. This observation is possibly due to the different bulk composition between the two alloys.
It was mentioned earlier that a pile-up of dislocations, as shown in Figure 7(a) , can indicate the nucleation of the new recrystallized c R grains. Figure 9 (a) shows an APT reconstruction from a high dislocation density c/c¢ region next to an oxidized carbide from an OP-TMF specimen, containing c/c¢ interfaces, dislocations within a c¢ precipitate, and a thin channel cutting the c¢ precipitate. Figure 9 (c) shows the compositional profile along this thin channel, as indicated by arrow #1 in Figure 9 (b). It can be seen that the composition of the channel initially is close to that of c within the high dislocation density region (22.0 at. pct Cr), as shown earlier in Figure 8 . However, chromium progressively decreases to a content similar to that observed in the c R grains and to that at dislocations (12.0 at. pct Cr).
This observation allows proposing a simplified sequence leading to the formation of the c R grains as schematically illustrated in Figure 10 . Initially, there is a well-defined interface between the c¢ precipitate and c matrix, before any dislocations approach the c/c¢ interface as shown in Figure 10 (a). As more dislocations are generated and start interacting with the c/c¢ interface, grooves at the c/c¢ interface will form (Figure 10(b) ). Eventually, as deformation proceeds, dislocations will enter the c¢ precipitate (Figure 10(c) ) and a pile-up of dislocations within the c¢ precipitate (Figure 10(d) ), similar to the one observed by APT in Figure 7 (a), will result either in the nucleation of a c R grain or the formation of a low-angle grain boundary.
IV. SUMMARY
In summary, we have performed out-of-phase thermal-mechanical fatigue (OP-TMF) tests in a 100°C to 850°C temperature range in the polycrystalline nickel-based STAL15-CC superalloy. Systematic characterization with cECCI and APT has provided new insights into the crack initiation mechanisms:
Surface-connected oxidized Ta-rich MC carbides act as main crack initiation sites in the polycrystalline superalloy STAL15-CC. Cracks were not found to initiate at grain boundaries, while their majority cracks initiated within the grains from oxidized MC carbides.
Plastic deformation due to volume expansion of the oxidized MC carbides results in recrystallization in the vicinity of carbides after static, isothermal exposure loading at 850°C for 30 hours. The same microstructural observations were made for the OP-TMF tested specimens, rationalizing the observed crack initiation sites.
Atom probe tomography reveals segregation of chromium and cobalt at dislocations and their diffusion along dislocations via pipe diffusion. This effect results in local chemical inhomogeneities leading to the dissolution of c¢ and subsequent recrystallization.
Soft recrystallized c R grains formed with compositions that vary substantially compared to that of the c matrix as revealed by APT analysis. A substantial drop in the chromium content is observed, from 30.9 at. pct in the c matrix to only 12.3 at. pct in the c R grains, whereas the nickel content increased from 56.5 at. pct in the c matrix to 76.1 at. pct in the c R grains. 
